Monaural phase discrimination was evaluated in normal-heating and heating-impaired listeners as a function of the frequency separation among components in three-tone complexes. The phases of the center components of 100% sinusoidal amplitude-modulated (SAM) waveforms were shifted by 90 ø to yield quasi-frequency-modulated (QFM) waveforms that had identical long-term spectra but different envelopes and temporal fine structure. Normal-hearing listeners can distinguish QFM waveforms from SAM waveforms as long as the modulation frequency (frequency separation between components) is less than about 40% of the carrier frequency (center component). Phase discrimination performance (d') was measured as a function of modulation frequency, and critical bandwidths for phase discrimination (CBphs) were specified as the modulation frequency corresponding to a performance index (d') of 1.0. In normal-heating ears, CBph s increased with stimulus SPL. In hearing-impaired ears, CBph s estimates were equal to or narrower than normal when comparisons were made at the same SPLs; CBph s estimates from hearing-impaired ears were broader (better) than normal only when comparisons were made at equivalent SLs. Differences between CBph s estimates in normal-hearing and heating-impaired ears are explained by level-dependent auditory filtering and the sensation levels at which comparisons are made, without the necessity to postulate abnormal tuning in hearing-impaired ears. ¸ 1995 Acoustical Society of America.
INTRODUCTION
The perception of monaural phase effects is associated with the limited frequency resolving power of the auditory system (Mathes and Miller, 1947 ). Mathes and Miller were one of the first to demonstrate monaural phase effects by shifting the phase of the center component of a sinusoidal amplitude-modulated (SAM) waveform by 90 ø , which produced a quasi-frequency-modulated (QFM) waveform with the identical long-term spectrum but with a different amplitude envelope and temporal fine structure. Both waveforms consisted of three tones separated by a frequency distance equal to the modulation frequency. They demonstrated that these two waveforms could be easily distinguished at lowto-moderate modulation frequencies, usually on the basis of a roughness or harshness cue. As modulation frequency increased and the individual components became widely separated, the two waveforms became indistinguishable. They reported this modulation frequency to be about 40% of the carrier frequency (center frequency of the three-tone complex), for frequencies between 500 and 2000 Hz at a 60-dB sensation level (SL). At lower listening levels, the range of modulation frequencies over which SAM and QFM waveforms were distinguishable was reduced. To account for these results, Goldstein (1967) Because SAM and QFM waveforms are deterministic waveforms with identical long-term spectra and only differ in envelope and temporal fine structure, they appear to be ideal stimuli with which to investigate frequency resolution in persons manifesting cochlear heating loss. Since their discriminability presumably depends upon all three components passing through the same auditory filter, ears with abnormally broad auditory filters should demonstrate discriminability over a wider range of modulation frequencies than ears with narrower filters. Two preliminary reports have examined the discriminability of SAM and QFM waveforms in hearing-impaired ears, with somewhat conflicting results. Nelson (1978) reported that CBph s measures in heatingimpaired ears were no larger and sometimes smaller than those from normal-hearing ears. More recently, in a brief report of results from a few heating-impaired ears, Rosen (1984 Rosen ( , 1986 Rosen ( , 1987 found better phase discrimination performance (higher % correct phase discriminations) from heating-impaired listeners than from normal-heating listeners, implying better temporal resolution or poorer frequency resolution by the hearing impaired (broader auditory filters). Similar findings were also reported with different phase discrimination experiments (Moore and Glasberg, 1989; Schroder and Leek, 1989). In general, these reports of better phase discrimination than normal were consistent with the notion that listeners with heating losses demonstrate broader than normal auditory filters. However, recent explorations of the strong level effects involved in phase discrimination (Nelson, 1994) , and the nonlinear nature of normal frequency resolution (Nelson, 1991) , indicate that further investigation is warranted.
In the present work, phase discrimination of SAM and QFM waveforms was measured as a function of modulation frequency from normal-hearing subjects and from subjects with cochlear hearing losses. CBph s estimates were determined from the phase discrimination functions. Normalhearing subjects were tested over a wide range of stimulus levels and in the presence of a background noise to reduce the sensation levels of high sound-pressure level stimuli.
Hearing-impaired subjects were tested at 80 dB SPL. CBph s estimates from hearing-impaired ears were then compared with those from normal-heating ears at equivalent soundpressure levels and at equivalent sensation levels. The results are examined in terms of the strong level effects seen in normal-hearing ears and the sensation levels at which CBph s estimates are compared. Waveforms were constructed digitally, converted to analog waveforms through a 14-bit digital-to-analog converter at a 20-kHz sampling rate, and then low-pass filtered with at a 9.5-kHz cutoff frequency. Stimulus levels were controlled by programmable attenuators, and the overall levels of the SAM and QFM waveforms were calibrated by a sound level meter in a 6-cc coupler. Acoustic stimuli were presented monaurally through a TDH-49 earphone in an MX41/AR cushion. Each stimulus was presented for 520 ms, including 10-ms rise and decay times. Subjects listened in a double-wall sound-treated room. 
B. Psychophysical procedure

C. Subjects and experimental conditions
Previous research has shown that CBph s is strongly dependent upon the level at which SAM and QFM waveforms are presented (Mathes and Miller, 1947; Goldstein, 1967; Nelson, 1977 Nelson, , 1994 . When evaluating subjects with impaired hearing, it is necessary to employ intense stimuli to overcome their hearing losses; however, those intense stimuli might only be presented at low SLs because of the magnitude of the hearing loss. Consequently any differences in CBph s from normal-hearing ears may be due to presenting stimuli at lower sensation levels in the heating-impaired ear. Therefore, to examine phase discrimination in normal ears at low SLs and high presentation levels, as is the case in heating-impaired ears, in one experimental condition a background noise was added continously during the presentation of SAM and QFM waveforms. The noise was an analog Normal-hearing subjects participated in one of three experiments, which differed in the frequencies tested, the stimulus levels tested, and whether a background noise was present to reduce the effective sensation level of the SAM and QFM stimuli. A summary of those different conditions is given in Table I . In experiment I, phase discrimination functions were obtained at a 1000-Hz carder frequency, both in quiet and in the presence of a background noise. In experiment II, phase discrimination functions were obtained in quiet at carrier frequencies of 300, 1000, and 3000 Hz from additional subjects at 40, 60, 80, and 100 dB SPL. In experiment III, phase discrimination functions were obtained at 80 dB SPL at 1000 Hz. A subgroup of three normal-hearing subjects (three ears) were also tested at 300 and 3000 Hz and at stimulus levels that corresponded to 20 dB SL. Ages of the normal-hearing subjects ranged from 21 to 55 years. Initial data collection employed a 4AFC psychophysical procedure, which was later changed to a 3AFC procedure to minimize test time. CBph s estimates compensated for this difference because they were based on d' scores, as described later.
Data from some of the normal-hearing subjects in the quiet background condition were also reported in a previous publication (Nelson, 1994) .
Hearing-impaired subjects participated in experiment III. All subjects were tested at 80 dB SPL. A large number of hearing-impaired subjects (N=99) were tested only at a carrier frequency of 1000 Hz. A smaller number were tested at one or more test frequencies, and in some cases at two or more of the stimulus levels specified in experiment II. Ages of the hearing-impaired subjects ranged from 19 to 71 yr. All subjects demonstrated a bilateral sensorineural heating loss at one or more of the three test frequencies. The difference in sensitivity between ears wag no greater than 30 dB in all but two subjects, who had a contralateral white noise introduced during testing of their poorer ear. Conductive heating losses To examine CBph s changes with level at other carrier frequencies, and to provide normative data with which data from hearing-impaired subjects might be compared, phase discrimination functions were obtained from additional normal-hearing subjects at carrier frequencies of 300, 1000, and 3000 Hz, at 40, 60, 80, and 100 dB SPL (experiment II in Table I by the other filled symbols (from experiment III in Table I tory filters, which should cause interactions to occur among spectral components over a wider frequency range. Indeed, subjects who had thresholds greater than 60 dB SPL might be expected to reveal broader than normal auditory filters (Nelson, 1991 ), yet they all demonstrated CBph s estimates that were equal to or smaller than normal at equivalent SPLs. (Nelson, 1991) . In that model, the discrimination between SAM and QFM stimuli was based on the power ratio of envelope maxima, after the stimuli had been filtered by an initial asymmetrical triangular filter and the resulting envelope extracted by an ideal envelope detector that is subject to temporal resolution limits (Viemeister, 1979) . At low levels, e.g., 40 dB SPL, the sharp filter characteristics attenuated the sidebands in SAM and QFM stimuli, thereby reducing modulation depth when the modulation frequency exceeded the bandwidth of the filter. At high levels, e.g., 74 dB SPL and above, the filter characteristics were less steep and the bandwidth broader; therefore, attenuation of sidebands was minimal and the critical power ratio at threshold (• 1.5 dB) could be reached at much faster modulation frequencies. 
